S ulfonylurea herbicides, a new important class of pesticides used for weed control in crops, are present at low concentrations in agricultural runoff waters (1). Conventional analytical methods for the determination of sulfonylurea herbicides in environmental samples are based on liquid chromatography (LC; 2-8), gas chromatography (GC; 9-14), bioassay (15-17), enzyme immunoassay (18, 19) , and capillary electrophoresis (20). Although these techniques are sensitive and selective, they are relatively time-consuming (5-7) and costly (20), and often require lengthy optimization procedures (11) and, in some cases, derivatization of the sulfonylureas (9-13). The derivatives have very similar physicochemical properties, and, therefore, they cannot be determined easily in mixtures of this group of herbicides.
S ulfonylurea herbicides, a new important class of pesticides used for weed control in crops, are present at low concentrations in agricultural runoff waters (1) . Conventional analytical methods for the determination of sulfonylurea herbicides in environmental samples are based on liquid chromatography (LC; 2-8), gas chromatography (GC; [9] [10] [11] [12] [13] [14] , bioassay (15) (16) (17) , enzyme immunoassay (18, 19) , and capillary electrophoresis (20) . Although these techniques are sensitive and selective, they are relatively time-consuming (5-7) and costly (20) , and often require lengthy optimization procedures (11) and, in some cases, derivatization of the sulfonylureas (9-13). The derivatives have very similar physicochemical properties, and, therefore, they cannot be determined easily in mixtures of this group of herbicides.
On the other hand, fluorimetric methods have been widely used in the analysis for pesticides because of their great sensitivity, simplicity, and versatility (21) . Direct fluorimetry cannot be applied to sulfonylurea herbicides because they are naturally nonfluorescent. However, we recently developed a photochemically induced fluorescence (PIF) method for the determination of sulfonylurea herbicides in aqueous micellar media (22) in a flow injection analysis system (23) . Although PIF is very sensitive, it demonstrates poor selectivity in screening mixtures of sulfonylurea herbicides because of the similarity of the excitation and emission wavelengths of their photoproducts and the overlap of the PIF spectra. Therefore, we decided to examine the possibility of improving the selectivity of PIF by recording derivative PIF spectra (24) . Indeed, to resolve complex matrixes or spectra, derivative spectroscopic techniques have been shown to be very useful for the reduction of band overlapping errors in quantitative analysis (25) (26) (27) .
In this paper, we report the feasibility of using first-derivative photochemically induced fluorescence (PIF-1 D) spectra to detect and resolve synthetic binary mixtures of 4 sulfonylurea herbicides, i.e., chlorsulfuron, metsulfuron-methyl, 3-rimsulfuron, and sulfometuron-methyl ( Figure 1 ) in spiked tap water samples. 
Experimental

Reagents
Apparatus
All PIF measurements were performed at room temperature with a Kontron SFM-25 (Zurich, Switzerland) spectrofluorimeter interfaced with a microcomputer. Uncorrected zero-order PIF spectra were recorded and memorized by using a K-wind 25 data control and acquisition program (Zurich, Switzerland). The first-derivative (PIF-1 D) spectra were acquired and processed by using the same program. An unfiltered Osram (Eurosep, Cergy-Pontoise, France) 200 W HBO high-pressure mercury lamp with a Spotlight power supply was used for photolysis reactions. The photochemical setup included a Schoeffel Instruments (Cunow, Paris, France) GmbH light-box consisting of a fan, the mercury lamp, and a quartz lens. A standard Hellma (Mullheim, Germany) quartz fluorescence cuvette with a pathlength of 1 cm was placed on an optical bench 30 cm from the mercury lamp. During photolysis, solutions were stirred magnetically in a quartz cuvette.
Preparation of Solutions
Stock solutions of herbicides (10 -3 M) were freshly prepared by dissolving the compounds in methanol. Serial dilutions were performed to obtain working standard solutions. All solutions were protected against light with aluminum foil and stored in a refrigerator. Stock solutions of SDS (0.1M), CTAC (0.1M), and NaOH (1M) were prepared with distilled water and used for serial dilutions. Herbicide micellar solutions were prepared by transferring 10-50 µL aliquots of the methanolic working standard solutions to 5 mL volumetric flasks, adding the needed volume of SDS or CTAC stock solution, 25 µL 1M NaOH, or 1 mL pH 8 buffer solution, and diluting to volume with distilled water. The solutions were then shaken before irradiation and analytical measurement. All working aqueous and micellar solutions contained <1% (v/v) methanol.
Photolysis Reactions and Analytical Measurements
An aliquot of the herbicide micellar solution was placed in a quartz cuvette and irradiated for a fixed time at room temperature. Curves of PIF intensity (I F ) versus UV irradiation time (t irr ) were constructed at the analytical excitation (λ ex ) and emission (λ em ) wavelengths of the herbicide photoproduct; 20-60 s time intervals were used, depending on the herbicide. Uncorrected zero-order PIF spectra were recorded at the optimum t irr , between 300 and 500 nm at a scanning speed of 480 nm/min. Before differentiation, PIF spectra were corrected with the solvent (blank) signal spectra and smoothed (smoothing points = 21). The first-derivative PIF spectra (PIF-1 D) were then obtained by using the Savitzky-Golay technique (smoothing points = 21; 26).
Linear calibration curves were obtained from the first-derivative spectra signal by measuring either the peak height at the maximum wavelength ( 1 D λmax ) or the peak-to-peak amplitudes ( 1 D λmin,λmax ). For the analysis of the synthetic binary mixtures, the content of one of the mixture components was determined from the first-derivative spectra by measuring the first-derivative signal ( 1 D λ0 ) at the zero-crossing point (λ 0 ) of the other component and comparing the value with a prior calibration graph. All PIF-1 D signal measurements were performed in triplicate, and the results were expressed as mean values. Microcal Origin, Version 5.00, application software was used for the statistical treatment of the data. 
Analysis of Tap Water Samples
Tap water samples of 10 mL were spiked with chlorsulfuron, metsulfuron-methyl, 3-rimsulfuron, and sulfometuron-methyl at 36.0, 3.84, 4.32 and 36.4 µg/mL, respectively, and the solutions were stirred ultrasonically for 10 min before being stored in the dark and used as the natural water stock solutions. Synthetic binary mixtures were obtained by transferring five 200 µL aliquots of the stock solutions of both components into a 5 mL volumetric flask, adding the needed volume of micellar solution 25 µL, 1M NaOH, or 1 mL pH 8 buffer solution, and diluting to volume with distilled water. Before they were spiked with herbicides, all tap water samples were checked for the absence of any fluorescent dissolved species. The recovery efficiencies were calculated relative to those for standard solutions.
Results and Discussion
Optimization of PIF-
D Analytical Conditions
Analytical conditions, including the PIF excitation and emission analytical wavelengths and the influence of solvent, micellar media, pH, and irradiation time on the PIF intensity, were optimized previously for the sulfonylurea herbicides studied (22) . Because of the differences in PIF optimal analytical conditions used for each herbicide, we had to modify these conditions for the simultaneous determination of the binary mixtures of the herbicides by PIF- was not possible, because of either excessive band overlapping (e.g., chlorsulfuron/metsulfuron-methyl mixture; Figure 2) or the absence of a sensitive common pH range for both components (e.g., mixtures of 3-rimsulfuron with chlorsulfuron and of 3-rimsulfuron with metsulfuron-methyl).
The zero-order PIF emission spectra of the 4 herbicides studied, recorded under optimal conditions, showed severe overlapping with a more marked effect for chlorsulfuron and metsulfuron-methyl (Figure 2 ). Under these conditions, binary mixtures of herbicides cannot be resolved by using the classical PIF method. Derivative PIF spectra were therefore necessary for improving the selectivity of our method. In a preliminary study, we compared the first-and second-derivative PIF spectra of the herbicides. We found that the value of the second-order derivative signal was reduced about 10 times, relative to that of the first-order derivative signal; this decrease resulted in a poor signal-to-noise ratio and a very important sensitivity loss for the PIF method. Therefore, we decided to use the first-order derivative PIF spectra throughout our analytical study.
Analytical Figures of Merit
To evaluate the potential of our method for quantitative analysis, we investigated the effect of herbicide concentration on the PIF- D intensity measurements, we tested 2 procedures based either on the peak-to-peak amplitudes or on the peak heights from the baseline ( Figure 3) . As a result, 2 different calibration curves were obtained for each herbicide. Both curves were linear with a linear dynamic range (LDR) of concentrations over about 2 orders of magnitude ( Table 2 ). The statistical treatment of the data, including the regression equations ( 1 D λ ), correlation coefficients (r), limits of detection (LODs), and relative standard deviations (RSDs), is summarized in Table 2 . Both procedures yielded comparable figures of merit, although the sensitivity of the method (slope value of the regression equation) was slightly better for the peak-to-peak procedure. The LODs were relatively low, ranging between 0.5 and 52 ng/mL, depending on the molecular structure of the herbicide. Except in the case of sulfometuron-methyl, these LOD values were of the same order of magnitude as those reported for the PIF determination of the same herbicide (22, 23) . These results indicate that the PIF-1 D method is suitable for determining all binary mixtures studied.
Analysis of Synthetic Binary Mixtures
The simultaneous determination of sulfometuron-methyl with 3-rimsulfuron, metsulfuron-methyl, and chlorsulfuron, respectively, in synthetic binary mixtures was performed by using the zero-crossing measurement procedure, at λ 0 in the first-derivative spectra of these mixtures (Figure 4 ). An interference study was performed to evaluate the magnitude of the mutual quenching effect on the PIF emission spectrum of each component.
Interference Study
The effect of the concentration of the first component on the determination of the second component and, reciprocally, the effect of the concentration of the second component on the determination of the first component were checked to determine the tolerance level of each component. The experiments were performed by adding increasing amounts of interferent to a fixed concentration of analyte and performing the PIF-1 D recovery measurements for the analyte at the corresponding λ 0 . It was found that (1) for the binary mixture of sulfometuron-methyl and 3-rimsulfuron, analyte signal alterations of >20% occurred only at relatively high concentrations of interferent (>69 ng/mL for 3-rimsulfuron and, reciprocally, >290 ng/mL for sulfometuron-methyl); and (2) for the 2 other mixtures, satisfactory recovery values of sulfometuron-methyl (considered as the analyte) of 103-112% and 87-96% were obtained when metsulfuron-methyl and chlorsulfuron, respectively, were used as interferents. Reciprocally, in the presence of interferent amounts of sulfometuron-methyl, the recovery values obtained were good, ranging between 88 and 108% and between 96 and 118%, respectively, for metsulfuron-methyl and chlorsulfuron considered as analytes. For the latter 2 mixtures, the maximum allowed concentration of each interferent herbicide compound with respect to each analyte was higher than the upper concentration in the LDR of the interferent herbicide. The maximum allowed concentration values were >2600 ng/mL for sulfometuron-methyl and >150 ng/mL for chlorsulfuron, reciprocally, and >1500 ng/mL for sulfometuron-methyl and >60 ng/mL for metsulfuron-methyl, reciprocally. The synthetic binary mixtures were then resolved by using the direct measurement procedure under the optimum analytical conditions.
Resolution of Binary Mixtures
Tap water samples spiked with binary mixtures of the herbicides were investigated. Table 3 presents the results of the analyses in the case of the sulfometuron-methyl/3-rimsulfuron mixtures. Recovery values were between 94 and 116% for sulfometuron-methyl and between 99 and 118% for 3-rimsulfuron. Satisfactory recoveries were also obtained for the remaining 2 mixtures (data not shown); they ranged between 90 and 104% for concentration ratios of sulfometuronmethyl/metsulfuron-methyl from 50:1 to 1:1 and between 91 and 117% for concentration ratios of sulfometuron-methyl/chlorsulfuron from 4:1 to 1:1. The method seems more suitable for the determination of 3 sulfonylureas (chlorsulfuron, metsulfuron-methyl, and 3-rimsulfuron) in the presence of sulfometuron-methyl because The following regression equations of the calibration curves were obtained for the synthetic binary mixtures by using the zero-crossing point measurement procedure: a greater concentration of the last component can be tolerated in the mixture. However, for real environmental water samples in which lower herbicide concentrations (≤0.05 ng/mL) may be found (28) , a preconcentration and/or a purification step is needed before analysis.
Conclusions
The usefulness of the proposed method for quantitating binary mixtures of sulfonylurea herbicides with good sensitivity and selectivity has been well demonstrated. Although the PIF-1 D method suffers from some limitations due to the constraining optimum analytical conditions required to perform the analyses, its application is very simple. Future developments for improving the PIF determination of herbicide mixtures, based on multivariate statistical techniques, are expected.
